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Abstract 

Surface  pressure  measurements  were 
taken  in  an  experimental  investigation  of 
energetic  dynamic  stall  vortices.  The 
associated  unsteady  flowfield  was 
generated  by  a  6-in.  NACA  0015  airfoil 
pitching  at  high  rates  to  large  angles  of 
attack.  The  airfoil  pitch  rates  varied 
from  230  °/sec  to  1380°/sec  and 
angles  of  attack  varied  from  0°  to 
60°.  Pitching  occurred  about  its 
quarter-chord  axis.  Pitch  rate,  Reynolds 
number,  and  the  non-dimensional  pitch 
rate,  q+  ,  were  varied  to  determine  the 
effects  on  pressure  and  lift 
coefficients.  It  was  found  that 
increases  in  pitch  rate  and  Reynolds 
number  had  inverse  effects  on  the 
flowfield  in  the  immediate  vicinity  of 
the  airfoil.  Maintenance  of  a  constant 
non-dimensional  pitch  rate  produced  very 
similar  flowfields  and  pressure 
coefficients. 


Introduction 

As  pointed  out  by  McCroskey,3  the 
energetic  nature  of  the  unsteady 
flowfields  has  been  a  topic  of  study  for 
most  of  the  twentieth  century.  Because 
of  their  complicated,  rapidly  changing 
time  dependent  nature,  only  recently  has 
significant  progress  been  made  in 
theoretical  and  experimental  efforts  to 
understand  the  fluid  mechanics  of  these 
flowfields.  To  continue  this  progress  it 
is  increasingly  important  not  only  to  be 
able  to  predict  the  onset  of  dynamic 
stall  but  to  understand  its  dynamic 
nature.  Exploitation  of  dynamic  stall 
increases  in  aerodynamic  coefficients 
awaits  such  understanding.  The 
importance  of  dynamic  stall  has  been  well 
known  for  years  with  regard  to  predicting 
onset  for  helicopter  rotors, 
turbo-machinery,  and  vertical  axis  wind 
turbines.  A  large  part  of  the 
exploitation  emphasis  has.  received 
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impetus  from  the  studies  of  Herbst7 
into  the  "supermaneuverabi lity"  of 
fighter  aircraft.  Understanding  of 
highly  unsteady  flowfields  has  been 
hampered  by  two  things:  absence  of 
accurate  analytical  methods  -  short  of 
full  Navier-Stokes  solutions  which  are 
only  now  becoming  viable  -  to  predict 
these  flowfields  and  lack  of  experimental 
data  needed  to  set  modeling  parameters 
and  to  verify  theoretical  calculations. 

Most  of  the  experimental  data  on 
unsteady  flows  about  pitching  airfoils  to 
date  have  been  restricted  to  sinusoidally 
oscillating  models  undergoing  relatively 
small  amplitude  motions  (up  to  +  10°) 
about  relatively  low  mean  angles  of 
attack  (0°  -  15°).  These  are 
typified  by  the  experiments  of  McCroskey 
and  Philippe3,  McAlister  and  Carr4, 
Martin,  et.  al.5,  and  Robinson  and 
Luttges6.  These  data  include  flow 
visualization,  hot-wire,  and  pressure 
measurements  and  are  applicable  to  many 
fluid  devices  of  importance.  With  the 
exception  of  Robinson  and  Luttges7, 
however,  these  studies  have  not  been 
directed  toward  the  idea  that  the 
extremely  energetic  nature  of  the 
unsteady  flowfields  could  he  used  to 
enhance  performance.  Carr,  et.  al.8 
have  shown  that  lift,  drag,  and  moment 
coefficients  associated  with  unsteady 
flowfields  greatly  exceed  their  static 
counterparts.  There  has,  however,  been  a 
limited  amount  of  experimental  data 
obtained  from  tests  of  very  large 
amplitude  motions  that  will  be  required 
if  the  maneuvers  proposed  by  Herbst7 
(using  angles  of  attack  in  excess  of 
45°)  are  to  be  implemented. 

Studies  of  ...oderate  to  large 
amplitude  constant  rate  motions  have  been 
performed  by  Harper  and  Flaniganp  who 
obtained  force  balance  data  on  a  small 
model  pitching  up  to  30°,  Francis,  et. 
al,31  who  obtained  surface  pressure 
measurements  on  airfoils  pitching  up  to 
60°,  Deekins  and  Kuebler^,  who 
obtained  flow  visualization  of  dynamic 
1eading  edge  separation  at  low  Reynolds 
numbers  in  a  smoke  tunnel,  Daley33,  who 
obtained  leading  edge  dynamic  stall  data 
at  low  Reynolds  numbers,  and  Walker,  et. 
al.34  and  Helin  and  Walker35,  who 
obtained  flow  visualization  using  a 
smoke-wire  and  near  surface  hot-wire 
velocity  magnitude  data  on  an  airfoil 
pitching  up  to  60°.  It  is  clear  that 
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there  is  an  extensive  anount  of 
experimental  effort  yet  to  be  performed 
to  obtain  a  clear  understanding  of  the 
fluid  dynamic  mechanisms  precipitating 
the  occurrence  of  the  dynamic  vortices 
associated  with  the  unsteady  flowfields 
surrounding  airfoils  pitching  at  high 
rates  to  large  angles  of  attack.  It  is 
the  intent  of  this  experimental  effort  to 
produce  definitive  lift  data  for  a  well 
defined  but  limited  parameter  range  of 
pitch  rates  and  Reynolds  numbers.  Such 
definitive  results  are  crucial  modeling 
tools  and  important  assets  to  a  full 
understanding  of  the  potential  of  dynamic 
stall  vortices. 


Experimental  Arrangement 

All  data  were  obtained  in  the  USAF 
Academy  Aeronautics  Laboratory  low-speed, 
2  ft  x  3  ft  subsonic  wind  tunnel.  The 
model  used  was  a  full  span,  6  inch  chord, 
NACA  0015  airfoil.  The  airfoil  was 
instrumented  with  eighteen  Endevco  8507-2 
miniature  pressure  transducers 
close-coupled  to  the  surface  ports,  as 
shown  in  Figure  1.  The  signals  from  each 
transducer  were  amplified  through 
Dynamics  7512B  amplifiers.  The  pitching 
motions  of  the  airfoil  were  generated  by 
a  PDP  11/03  computer  controlling  a 
Control  Systems  Research  Index-Syn 
stepper  motor/driver  system.  This  is  a 
modified  version  of  the 
two-degree-of-freedom  oscillator 
developed  by  Francis,  et.  al.^6.  The 
PDP  11/03  was  slaved  to  a  PDP  11/45  which 
performed  the  supervisory  control  and 
data  acquisition.  Since  the  airfoil 
motions  were  very  repeatable,  all 
eighteen  pressure  ports  were  located  on 
one  side  of  the  airfoil  for  better  data 
resolution.  This  resulted  in  some  minor 
errors  in  the  data  between  the  upper  and 
lower  surfaces  due  to  difficulties  in 
returning  the  tunnel  to  the  precise  flow 
speed  for  the  opposite  surface  after 
turning  the  airfoil  over.  The  reversal 
of  the  airfoil  was  necessitated  by  the 
fact  that  the  stepping  motor  would  turn 
in  only  one  direction. 


Figure  1.  Pressure  Port  Locations 


Experiments  were  conducted  employing 
a  variety  of  constant  rate  pitching 
motions  and  flow  speeds.  Table  1  shows 
the  experimental  matrix  with  given  in 
deg/sec  and  U«  in  ft/sec,  and  with  the 
interior  values  given  by  the 
non-dimensional  pitch  rate  parameter  a+ 
=  a  c/UM.  All  of  the  motions  were 
performed  by  pitching  the  airfoil  from 
angles  of  attack  of  zero  degrees  to  sixty 
degrees  and  stopping.  See  Figure  2. 

Table  1. 


a  (°/s) 

230 

460 

920 

1380 

UooCf/s) 

20 

0.1 

0.2 

0.4 

0.6 

40 

0.1 

0.2 

60 

0.2 

80 

0.05 

0.1 

Figure  2.  Angle  of  attack  versus  time 

The  Reynolds  number  based  on  chord 
varied  from  47500  to  J  90000.  The  major 
objectives  of  these  experiments  were  to 
examine  the  effects  of  varying  pitch  rate 
at  constant  Reynolds  number,  varying 
Reynolds  number  at  constant  pitch  rate, 
and  holding  a+  constant  while  varying 
both  pitch  rate  and  Reynolds  number.  For 
the  nine  cases  shown  in  Table  1,  data 
were  taken  for  both  surfaces  of  the 
airfoil  by  performing  twenty-five 
repetitions  of  the  pitching  motions, 
taking  200  data  points  per  se'sor,  and 
taking  the  ensemble  average. 

Experimental  Results 

The  objectives  of  these  experiments 
were  to  examine  the  unsteady  aerodynamics 
surrounding  a  pitching  airfoil  and  the 
.ime  dependent  fluid  mechanics  associated 
with  varying  pitch  rate,  Reynolds  number, 
and  the  non-dimensional  pitch  rate 
parameter,  a+  .  The  matrix  shown  in  Table 
1,  above,  was  designed  to  accomplish  this 
task  within  the  experimental  constraints 
of  the  control,  instrumentation,  and  data 
acquisition  system.  The  pressure  data 
were  used  to  calculate  pressure 
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coefficients  which  were  in  turn 
integrated  to  compute  lift  coefficients. 
Both  types  of  curves  were  plotted  in  the 
usual  way:  Cp  vs  x/c  and  C|  vs  a  . 

In  all  cases,  since  these  experiments 
were  limited  to  a  single  airfoil,  varying 
the  Reynolds  number  is  synonymous  with 
varying  the  flow  velocity  in  the  tunnel. 

Section  Lift  Coefficient  versus 
Alpha:  The  effect  of  varying  the  pitch 

rate  while  holding  Reynolds  number 
constant  is  dramatic,  particularly  at  the 
lower  flow  velocities.  At  Re  -  47500, 

Clmax  is  a  strong  function  of  pitch 
rate,  varying  from  2  to  4.3  as  pitch  rate 
is  increased  from  230°/s  to  1380°/s. 
At  this  Reynolds  number,  dCj/da  is 
also  a  strong  function  of  pitch  rate, 
varying  from  4.3/rad'  to  8/rad.  As 
Reynolds  number  increases  to  95000  and 
190000,  however,  their  dependence  is  less 
pronounced.  Figure  3  shows  Cj  vs  a  for 
various  pitch  rates  at  three  different 
Reynolds  numbers,  and  Figure  4  shows  the 
effect  on  Cjinax  of  increasing  pitch 
rate  at  constant  Re. 


O  10  :v  30  *K)  SO  60 


a  (d«g) 

(a)  U«,  =  20  ft/sec, 

a  =  230,  460,  1380  deg/sec 


a  (d» g) 


(b)  U»  =  40  ft/sec 
tt  =  460,  920  deg/sec 


O  10  CO  .  30  *»0  SO  OO 


a  td«a) 

.  (c)  Ueo  =  80  ft/sec 

a  =  460,  920  deg/sec 

Figure  3.  Cj  vs  a  for  constant  U» 
at  various  pitch  rates 


Pitch  Rate  (d»g/s«c) 


Figure  4.  C^gx  vs  a  at 
various  Reynolds  numbers 

Figure  4  shows  (from  Figure  3(a)  only)  a 
near  linear  increase  in  C^gy  with 

respect  to  pitch  rate,  Gormont^7  and 
Strickland  and  Graham^5  have  shown  a 
square  root  dependency  on  non-dimensional 
pitch  rate  for  inception  of  dynamic 
stall.  Gormont  also  shows  a  similar 
correlation  for  lift  stall.  In  addition, 
Walker,  et.  al.14  and  Helin  and 

Walker’5  presented  near-surface 

hot-wire  data  that,  though  being 
impossible  to  calculate  lift  coefficients 
from,  indicate  support  for  this 
conclusion.  While,  for  steady  flows, 
there  is  a  direct  correlation  between 
clinax  an<1  stall,  it  is  interesting  to 
note  that  for  these  types  of  unsteady 

flows,  it  is  not  straightforward.  In 
addition  to  the  effect  of  pitch  rate  on 
clmax>  there  is  a  general  dependence  of 
the  slope  of  the  lift  curve  and  of  the 
angle  of  attack  at  which  C]max  occurs; 
and  again,  this  dependence  is  less 
pronounced  as  Reynolds  number  increases. 

The  effect  of  varying  Reynolds  number 
while  holding  pitch  rate  constant  is 
rather  the  opposite.  Cimax  is  reduced 
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significantly  when  increasing  Reynolds 
number  from  47500  to  95000  or  142500,  but 
is  only  slightly  affected  by  increasing 
Re  from  95000  to  190000.  Figure  5  shows 
Ci  vs  a  for  various  Reynolds  numbers  at 
three  different  pitch  rates,  and  Figure^  6 
shows  the  effects  on  Cjmax  of 
increasing  Re  at  constant  pitch  rate. 
The  angle  of  attack  at  which  Ci„,ax 

occurs  is  also  inversely  dependent  on 

-'Reynolds  number,  and  so,  as  one  would  by 
now  expect,  is  dCj/da  for  rotation 
rates  of  920  and  1380°/s.  Oddly 

enough,  however,  the  lift  curve  slopes  at 
the  pitch  rate  of  460°/s  are  all  much 

the  same. 


?  W  **■ 


J  03  -r 


O  *0  i\)  30  iO  SO  60 


a  (deg) 

(a)  a  =  460  deg/sec, 

Uoo  =  20,  40,  80  ft/sec 


5  00  -r- 

T 

T 

X 


4 

t 


0  >0  CO  30  *»0  SO  60 


a  (deg) 


(b)  d  =  920  deg/sec, 
Uoo  =  20,  40,  80  ft/sec 


?  W  -r 


O  10  30  10  SO  CO 


a  (deg) 
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various  pitch  rates 

The  effect  of  maintaining  the 
non-dimensional  pitch  rate  parameter,  a*  , 
constant  within  the  range  of  Reynolds 
numbers  investigated  herein  is  of  special 
significance.  Two  cases  were  studied: 
that  of  «+=  0.1  and  a+  =  0.2.  As  can  be 
seen  from  Table  1,  these  were  obtained  by 
increasing  both  pitch  rate  and  flow 
velocity  proportionately.  Figures  7  and 
8  show  C\  vs  a  curves  for  the 
respective  constant  a+  cases . 
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Figure  7.  a+  =  0.1,  a  =  230,  460, 
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Figure  8.  tf*" »  0.2,  d  =  460,  920,  1380 
deg/sec,  U«>  -■=  20,  40,  60  ft/sec 

As  one  can  readily  see,  each  set  of 
constant  a+  curves  are  very  similar. 

For  a+  =  0.1,  each  of  the  three  curves 
start  out  at  a  high  initial  slope  for  the 
first  two  or  three  degrees,  then  proceed 
linearly  at  a  slope  of  approximately  4.2 
until  reaching  a  C^max  o£  about  2.0  at 
31  or  32  degrees.  The  higher  pitch  rates 
produce  slightly  higher  Cjnaxs  at 

slightly  higher  angles  of  attack,  but  to 
this  point  they  are  virtually  the  same 
within  the  error  band  of  the  data.  The 
curves  then  drop  off  rapidly  -  the  higher 
the  rotation  rate,  the  sharper  the  drop 
with  respect  to  angle  of  attack  -  and 
oscillate  about  a  of  1.2  out  to  60 
degrees.  The  three  lift  curves  at  a+  « 
0.2  do  not  behave  in  „  quite  the  same 
manner  as  those  at  a+  »  0.1.  They  start 
out  for  the  first  20  degrees  or  so  with 
the  same  slopes  as  one  another  but  not, 
as  with  the  lower  value,  linear.  They 
then  deviate  somewhat  from  one  another, 
peaking  out  at  the  same  value  of  Ciraax 
of  2.2,  but  at  angles  of  attack  varying 
from  31  to  41  degrees.  There  seems  to  be 
no  specific  trend  which  can  be  attributed 
to  either  rotation  rate  o-r  flow  velocity, 
since  the  curve  that  appears  to  be  in  the 
middle  is  actually  that  for  the  lowest 


pitch  rate.  At  these  high  pitch  rates 
this  minor  anomaly  could  be  attributed  to 
experimental  error.  The  conclusion 
remains,  however,  that  the 

non-dimensional  pitch  rate  parameter, a+ 
is  at  this  point,  the  major  determining 
factor  for  the  shape  and  magnitude  of  the 
lift  curve.  Thus,  since  curves  of 
constant  a+  are  nearly  similar .examining 
the  effects  of  changing  a+  i s  closely  akin 
to  analyzing  the  effects  of  changing  the 
pitch  rate  at  constant  Reynolds  number  as 
in  Figure  3.  One  can  see  from  there  and 
from  Figures  7  and  8  that  increasing  a+ 
results  in  increases  in  dCj/d a  , 
*-lmax>  al,d  a  at  ^Imax*  In  addition, 
lower  values  of  a+  result  in  more  abrupt 
decreases  in  Cj  occurring  after  having 
reached  Cjmax-. 

Pressure  Coefficient  vs  x/c:  The 

Appendix  contains  Figures  A.l  (a),  (b), 

(c),  (d)  through  A. 9  (a),  (b),  (c),  (d). 
The  numbers  1-9  correspond  to  each  of  the 
cases  shown  in  Table  1  starting  with  Uoo 
=  20  ft/sec,  a  =  230  deg/sec,  ff+  =  0.1, 
following  left  to  right  and  ending  with 
Uoo  =  80  ft/sec,  a  =  920  deg/sec,  ff+  = 
0.1.  The  (a)  -  (d)  discriminants  refer 
to  angles  of  attack  of  IS0,  30°, 
4S°,  and  60°  respectively. 

Walker  et.  al.14  presented 

qualitative  data  using  a  smoke-wire  flow 
visualization  technique  and  near-surface 
single  element  hot-film  velocity 

magnitude  measurements  for  two  cases 
essentially  the  same  as  two  of  the  cases 
examined  herein:  a+  =  0.2  and  0.6.  In 

these  experiments  they  observed  strong 
vortices  forming  above  the  suction 
surface  of  the  airfoil  due  to  the  shear 
layer  interaction  between  the  freestream 
and  the  leading  edge  separation  bubble 
formed  as  the  airfoil  pitches  up  and  to 
the  added  rotational  energy  imparted  to 
the  flow.  They  were  able  to  correlate 
the  movements  of  these  vortices  with 
velocity  magnitude  peaks  measured  with 
the  hot-film  sensors.  Figures  A. 2  and 
A.  4  show  the  corresponding  surface 
pressure  measurement  experiments  to  these 
two  cases;  and  the  upper  surface  pressure 
peaks  are  in  good  agreement  with  the 
spatial  positions  of  the  vortices. 

Figure  A.l  is  for  the  case  of  the 
lowest  pitch  rate  examined  corresponding 
to  an  a+  of  0.1.  Except  for  the  fact  that 
the  NACA  0015  airfoil  would  be  stalled  at 
15  degrees  in  steady  flow,  (a)  shows  a 
rather  ordinary  Cp  plot  for  high  angles 
of  attack,  with  the  exception  of  the 
first  201  of  the  upper  surface.  Here  one 
can  observe  a  pressure  peak  at  the  161 
chord  point  indicating  the  presence  of 
the  leading  edge  vortex.  Also,  there  is 
no  high  suction  peak  very  near  the 
leading  edge  that  is  present  in  steady 
flow.  This  is  true  for  all  of  the  other 
cases  studied  with  the  exception  of  the 
lowest  ( a+  =  0.05)  case.  This 
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is  apparently  due  to  the  interaction  of 
the  leading  edge  vpttex  reverse  flow  in 
the  vicinity  of  the  leading  edge  and  the 
freestream  flow  producing  locally  reduced 
flow  velocities-  In  (b)  we  can  see  that 
the  vortex  is  still  producing  a  great 
deal  of  lift  and  has  traversed  to  a  point 
slightly  aft  of  raid-chord.  In  (c)  we  can 
now  tell  that  the  vortex  has  separated 
from  the  airfoil  causing  it  to  stall. 

Increasing  a+  to  a  value  of  0.2, 
Figure  A. 2  (a)  shows  characteristics 

similar  to  A.l  (a)  but  higher  in  value; 
and  then  (b)  shows  a  very  high  pressure 
peak  of  almost  -6.0  at  24%  chord 
indicating  the  presence  of  a  stronger 
vortex  than  previously  observed.  By  the 
tine  the  airfoil  reaches  45°  in  (c), 
the  vortex  has  moved  past  mid-chord  and 
away  from  the  airfoil,  substantially 
reducing  lift.  At  60°,  the  airfoil  is 
completely  stalled;  Also,  an  interesting 

pressure  anomaly  has  entered  the 

picture. 

From  8%  to  56%  chord  at  an  angle  of 
attack  of  45°,  the  lower  surface 

pressure  coefficient  is  slightly  greater 
than  one.  This  could  be  attributed  to 
experimental  error  except  for  two 
things:  Francis,  et.  al.H  noticed 

this  sort  of  phenomenon  in  their 
experiments  and  stated  that  it  should  be 
investigated  further;  and  in  the  sets  of 
experiments  reported  herein,  this 
phenomenon  is  observed  to  become  more 
pronounced  at  higher  angles  of  attack  and 
at  higher  values  of  a *.  It  appears  to 
occur  at  a+  levels  of  0.2  or  greater, 
where  a  great  deal  of  rotational  energy 
relative  to  the  freestream  is  injected 
into  the  flow  producing  large  flow 
curvatures.  King*9  has  pointed  out 
that  a  V/r  term  from  Crocco's  theorem  as 
presented  in  Liepmann  and  Roshko^9  may 
be  the  culprit  by  increasing  the  local 
stagnation  pressure. 

For  the  case  of  a+  =  0.4,  Figures  A. 3 
(a)  indicates  a  very  high  value  of  Cp 
over  the  entire  airfoil  similar  in  nature 
for  the  previous  case  but  greater  in 
magnitude.  At  an  angle  of  attack  of 
30°,  (b)  shows  a  very  large  peak  in 
Cp  of  greater  than  -9.0  at  the  10% 

chord  point.  By  the  time  the  airfoil  has 
reached  an  angle  of  attack  of  45°  in 
(c),  the  vortex  has  moved  downstream  to 
the  34%  chord  point  and  away  from  the 

airfoil.  At  60°,  shown  in  (d),  the 
vortex  has  moved  further  downstream  but 
is  still  exhibiting  a  great  deal  of 

influence  on  the  flowfield  around  the 
airfoil. 

Figure  A. 4  depicts  pressure 
coefficients  for  the  last  of  the  four 

cases  at  U<»  =  20  ft/sec.  This  is  the 

case  of  the  highest  o+  examined.  At  a+  = 
0.6  the  airfoil  is  pitching  up  at  a  rate 
of  1380  deg/sec.  At  15°  in  (a),  the 


Cp  curve  looks  about  the  sane  as  the 
previous  case  except  a  bit  higher.  In 
(b),  the  vortex  hasn’t  really  formed  yet, 
but  the  pressure  peak  at  6%  chord  is  at 
-9.8  and  the  flow  is  still  attached  over 
the  entire  airfoil.  In  addition,  the 
maximum  lower  surface  pressure 
coefficient  has  reached  1.5.  By  45° 
the  vortex  has  fully  formed  producing  a 
pressure  peak  greater  than  -14.0  at  the 
14%  chord  point.  These  conditions  have 
also  resulted  in  a  maximum  lower  surface 
Cp  of  2.0  at  47%  chord.  As  the  airfoil 
reaches  60°  in  (d),  the  vortex  has 
moved  to  24%  chord.  As  the  airfoil 
reaches  60°  in  (d),  the  vortex  has 
moved  to  24%  chord  and  away  from  the 
surface  resulting  in  a  reduced  CD  of 
-9.0. 

Figures  A. 5  and  A. 6  show  pressure 
coefficients  for  two  pitch  rates  at  U«  = 
40  ft/sec  corresponding  to 

non-dimensional  pitch  rates  of  0.1  and 
0.2  respectively.  They  are  remarkably 

similar  to  Figures  A.l  and  A. 2  with  only 
minor  differences  in  peak  values  and 

locations. 

The  only  data  taken  at  60  ft/sec  are 
for  a+  =  0.2  with  a  corresponding  pitch 
rate  of  1380  deg/sec  shown  in  Figure 
A. 7.  Again,  as  with  Figure  A. 6,  the 
pressure  coefficient  data  is  very  similar 
to  that  of  Figure  A.  2  -  the  only 
exception  being  that  of  A.  7  (c),  where  a 
relatively  high  peak  is  se-.n  at  34% 

chord. 

Two  final  sets  of  experimental  data 
were  taken  at  U«>  =  80  ft/sec.  These  are 

shown  in  Figures  A. 8  and  A. 9  for  c& 
values  of  0.05  and  0.1  respectively.  In 
A.  8  (a)  we  see  Cp  curves  much  like 

those  of  unstalled  high  angles  of  attack 
for  this  airfoil.  At  30°  it  is 

apparant  that  the  airfoil  has  stalled 
completely,  indicating  that  the  leading 
edge  vortex  has  either  not  formed  or  does 

not  have  the  requisite  strength  to 

produce  the  strong  reverse  flow 
velocities  observed  previously. 

Figures  A. 9  (a),  (c),  and  (d)  look 

very  much  like  their  same  o+  counterparts 
in  Figures  A. 2  and  A. 5.  A. 9  (b), 

however,  is  somewhat  differen  Whereas 
the  first  two  cases  where  a+ =  u.l  at  an 
angle  of  attack  of  30°  produced  suction 
surface  pressure  coefficients  of  -’.5  to 
-1.8  near  the  leading  edge,  increasing  to 
-3.5  at  47%  to  53%  chord,  and  dropping  to 
-0.5  at  85%  chord,  this  one  starts  at 
-3.0  near  the  leading  edge,  peaks  at  -4.0 
at  34%  chord,  and  falls  rapidly  to  -0.5 
at  65%  chord.  While  this  will  produce 
almost  the  same  lift  coefficients,  the 
indication  in  this  case  is  that  the 
leading  edge  vortex  develops  somewhat 
more  rapidly  and  is  somewhat  stronger 
than  in  the  previous  n+  =  0.1  cases. 
Additionally,  a  greater  portion  of  the 
aft  section  of  the  airfoil  is  separated. 
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Conclusions 


The  experimental  pressure 

measurements  presented  herein  have  shown 
relationships  between  the  unsteady 

lifting  forces  on  a  pitching  airfoil  and 
pitch  rate,  P.eynolds  number,  and 
non-dimensional  pitch  rate,  a+  .  With 
regard  to  lift  coefficients  it  was  seen 
that,  for  constant  Reynolds  number  (or 
flow  velocity),  increasing  pitch  rate  (or 
non-dimensional  pitch  rate)  increased 

Cin,ax»  dCj/da  up  to  Cimax-  and,  in 

general,  the  angle  of  attack  at  which 

Cimax  occurs.  These  effects  were  more 
dramatic  at  lower  Reynolds  numbers. 
Increasing  Reynolds  number  while  holding 
pitch  rate  constant  had  the  opposite 
effect.  The  effect  of  holding  the 
non-dimensional  pitch  rate  constant  while 
allowing  pitch  rate  and  Reynolds  number 
(flow  velocity)  to  vary  is  of  special 
interest.  For  both  cases  studied,  a+  = 
0.1  and  0.2,  the  Cj  vs  a  curves  were 

very  similar  at  constant  a*  -  only  the 
angle  of  attack  for  Cj^  showed 
inconsistencies  at  the  higher  value. 

Examination  of  the  non-integrated 
parameters,  the  pressure  coefficients, 
proved  physically  enlightening.  Not  only 
did  the  C„  vs  x/c  curves  show  the  same 

overall  effects  as  the  vs  a  curves 

with  regard  to  changes  in  pitch  rate, 
Reynolds  number  and  non-dimensional  pitch 
rate,  but  for  constant  a+  values  the 
pressure  coefficient  curves  were  similar 
in  value  over  the  entire  airfoil.  In 
addition,  the  movement  of  the  "dynamic 
stall"  vortices  and  their  effects  on  the 
airfoil  under  different  conditions  showed 
a  close  and  predictable  interaction 
between  the  major  flowfield  structure 
educed  and  the  aerodynamic  forces 
generated.  More  comprehensive 

experiments  should  provide  the  basis  for 
modeling  criteria  as  well  as  for 
technologies  leading  to  successful 
utilization  of  the  dynamic  stall  vortices. 
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